In this paper, some of the important defeating mechanisms of the high hardness perforated plates against 7.62 Â 54 armor piercing ammunition were investigated. The experimental and numerical results identified three defeating mechanisms effective on perforated armor plates which are the asymmetric forces deviates the bullet from its incident trajectory, the bullet core fracture and the bullet core nose erosion. The initial tests were performed on the monolithic armor plates of 9 and 20 mm thickness to verify the fidelity of the simulation and material model parameters. The stochastic nature of the ballistic tests on perforated armor plates was analyzed based on the bullet impact zone with respect to holes. Various scenarios including without and with bullet failure models were further investigated to determine the mechanisms of the bullet failure. The agreement between numerical and experimental results had significantly increased with including the bullet failure criterion and the bullet nose erosion threshold into the simulation. As shown in results, good agreement between Ls-Dyna simulations and experimental data was achieved and the defeating mechanism of perforated plates was clearly demonstrated.
Introduction
High strength steel perforated plates are industrially available for many years in armor systems to improve ballistic performance by introducing various shaped configurations. In perforated plate armor, usually the holes or slits are designed to interact with the diameter of the threat and performance of such armor solution is determined by strength of the material, thickness of plate and orientation of holes. The shape of each hole can be same or different, and can be in the form of slits and their arrangement can be regular or irregular [1] . Theoretically, when bullet impacts side of a hole on perforated plate armor, bending stress is generated to break incoming projectile core or at least projectile is diverted from its incident trajectory and thus reduce its penetration capability.
The perforated plate armor, which was first suggested by BenMoshe [2] in 1986, was based on evenly drilled holes on a high hardness steel plate. The diameter of the holes and their spacing were designed to defeat the small arm ammunitions in the range of 5.56-14.5 calibers. Auyer et al. [3] invented a ballistic protection package consisted of triangular shaped perforations on heat treated steel plates. Hole's patterns of the outer and inner perforated plates were offset with respect to each other to prevent straight line penetration of projectile. Ravid and Hirchberg [4] proposed a ballistic solution package with an auxiliary high hardness steel perforated plate that the total area of holes was about between 40-50%. The holes of the auxiliary perforated plate were disposed with center to center spacing from 1.2 to 1.9 times the diameter of hole to defeat small arm threats. In Norris and Smith [5] invention, armor plate had slot shaped perforation in which slots were angled with respect to sides of the plate. This class of appliqué armor is also known as P900 and used by US army ground combat systems against small-arm threats. The use of perforated plates as add-on armor increases the mass efficiency; for example the increase was reported as much as 2.4 when impacted with 7.62 mm AP ammunition [6] .
Although the idea of using geometric perforation to increase ballistic protection was suggested in some patents, the number of experimental and numerical studies on this topic is significantly less. In a recent work, Balos et al. [7] shown mass effectiveness of the perforated plates against 12.7 mm M-8 API threat by investigating the effect of geometry, mechanical properties, thickness, obliquity and gap. In the subsequent experimental study conducted by Radisavljevic et al. [8] an attempt was made to design an affective perforated plate solution by investigating hole size and ligament length between holes. Mishra et al. [9, 10] found experimentally that the performance of an armor plate can be dramatically enhanced by drilling regular pattern of holes on it. Howell et al. [11] studied high manganese and high aluminum austenitic steels for application of P900 perforated armor according to MIL-PRF-32269. With ballistic tests, areal density equivalence against 7.62 caliber armor piercing projectile was found.
The first numerical study authors are aware of was carried out by Chocron et al. [12] . In this study, impact of 7.62 mm AP ammunition against edge of a metallic target was investigated to explain the defeating mechanism. The induced bending stress and resulting strain was calculated to demonstrate projectile fracture experienced in shot tests. In another study, Rosenberg et al. [13] attempted to demonstrate significant mechanisms for defeating AP projectiles. With ballistic experiments and 3D numerical simulations, it was shown that an inclined plate of high strength steel can induce shattering to an AP projectile.
High velocity impact and penetration problems include large deformation, erosion, high strain rate dependent nonlinear material behavior and fragmentation. Therefore, it is important to model the penetration where above effects are taken into account. Numerical methods and corresponding computing technologies have been evolved to the level where complex deformation and penetration pattern during ballistic impact can be accurately predicted. A review of the open literature on impact simulations shows that the most research in this field have been focused on the development and application of continuum hydro-codes [14] [15] [16] [17] . A popular explicit code, Ls-Dyna was successfully used to simulate several types of armors subjected to impact for various threat levels and capable of applying various simulation approaches [18] [19] [20] [21] [22] [23] . Borvik et al. [18] studied the behavior of Weldox 460 E steel plates impacted by blunt nosed cylindrical projectiles. In order to describe penetration behavior, they developed a material characterization test program to find out Johnson-Cook (J-C) strength and failure models for Weldox 460 E steel. The projectile used in 2D numerical simulation was modeled as linear elastic with Young's modulus of 200 GPa and Poisson's ratio of 0.33 due to lack of reliable material data. The plug formation was successfully simulated. Buchar et al. [19] presented ballistic performance of dual harness steel armor against 7.62 mm armor piercing projectile and found significant agreement between tests and numerical results. One of the important feature of this study is the J-C strength parameters of hardened steel projectile was given. Borvik et al. [20] modeled projectile with elastic-plastic strain rate independent material with isotropic hardening and investigated shape effect of projectile with simulations performed on Ls-Dyna. With adaptive meshing approach numerical issues were eliminated and reasonable agreement was achieved to find ballistic limit velocity. Teng et al. [21] evaluated ballistic performance of double layered steels against projectiles impacted at sub-ordnance velocities and found that by layering, ballistic limit can be improved up to 25%. Dey et al. [22] have studied ballistic perforation resistance of monolithic and layered 12 mm Weldox 700 steel targets with gas gun fired ogival projectiles which have 52 HRc hardness. Comprehensive strength and failure models were given for armor plate but hardened steel projectile was modeled as an elastic-plastic material with bilinear isotropic hardening without fracture. One of the significant articles on ballistic simulation has been presented by Borvik et al. [23] . They considered ballistic penetration performance of five different high hardness steel alloys. Based on test results, almost a linear correlation between ballistic limit velocity and yield strength was found. All these studies show that the ballistic performance of monolithic and layered steel targets can be predicted with well developed finite element numerical models.
The numerical simulations of the ballistic testing of perforated plates require complex capability in 3D. The fidelity of the simulations has strong dependency on the material strength and failure models for both target and bullet. In the first part of the study, the impact tests were performed on the monolithic plates to validate the fidelity of the material model parameters. Then, the layered armor was subjected to the ballistic tests and the tests were simulated. The stochastic nature of the ballistic tests on the perforated plate was analyzed based on the bullet impact zone with respect to holes. Various cases including without and with bullet failure models were further investigated to identify the mechanisms of bullet failure. The results of present study provided further insights on the defeating mechanisms of perforated armors.
Materials and testing
The steel used in the present study is Secure 500 which is an alloyed, liquid-quenched and tempered high strength special steel. The mechanical properties of the alloy specified by the manufacturer are tabulated in Table 1 . The alloy has the minimum yield and tensile strength of 1300 and 1600 MPa, respectively. The dimensions of the ballistic test plates including monolithic and perforated armor plates were in 400 Â 400 mm 2 , which was in according NATO Stanag 4569 standard [24] . The dimensions of the plates ensured that the stress waves reflected from the edge induced no forces on the bullet during the course of the penetration. The target plates were mounted on a stiff frame in the ballistic test set-up and each target was subjected to four shoots.
Ballistic tests on monolithic armor plates were carried out to investigate penetration behavior for two different thicknesses. In 20 mm case, the bullet was captured by target plate and in 9 mm case passed through. The geometric model of the layered armor is shown in Fig. 1a . The perforated and base armor plates are sequentially 6 mm and 9 mm in thickness, and placed with a gap of 30 mm. The plates were fixed to each other using four spacers inserted at the corners. The 6 mm diameter hole perforations were formed by laser cutting. The distance between the centers of holes was 10 mm. The size and geometrical arrangement of the holes were not subjected to a systematic optimization study; but, the general aspects of design available in the commercial applications were applied, for example the diameter of holes was smaller than the ammunition diameter (7.8 mm). The ballistic tests were performed using NATO Stanag 4569 standard [24] . Stanag 4569 specifies the protection levels for logistic and armored vehicles in five classes. The threat subject to this study is denoted by Level-3, in which the ammunition is named as 7.62 Â 54 B32 API and impact velocity is 854 m/s with a tolerance of +/20 m/s. The armor piercing bullet is composed of brass jacket, hardened steel core, sabot, lead-antimony cap and point fillers as shown in Fig. 1b . The total mass of the bullet was about 10 g. The measured outer diameter, the core diameter and the core length of the bullet were sequentially 7.8 mm, 6.2 mm and 28.2 mm as depicted in Fig. 1c . The bullet was in ogival shape with a radius of 15 mm and with an ogive angle of $30°. The hardness near the tip of the core was measured as 880 Vickers Hardness. A rough estimation of the ultimate tensile strength of the core using the hardness number (3 Â Vickers Hardness)) gives a value of 2500 MPa. The picture and the schematic representation of ballistic test facility are shown in Fig. 2 . The velocity of the bullet was adjusted by the amount of powder in the cartridge and kept around 854 m s À1 as stated in Stanag 4569. The velocity of the bullet was measured by means of a Table 1 The mechanical properties of Secure 500 armor steel. precise chronometer synchronized with two led photovoltaic detectors inserted 2 m apart. The velocity measurement system was placed 10 m away from the target. An aluminum witness plate was placed 150 mm away from target and the fragmentation and spall behavior of target and the residual velocity of the bullet were determined using a high speed camera (46 000 fps with 256 Â 176 pixel resolution). The Johnson-Cook (J-C) flow stress model is one of the most widely used material models of the ballistic penetration studies and available in the commercial hydro-codes [25] . It is a viscoplastic material model, particularly developed for the ductile metals. The model includes the strain hardening, strain rate hardening and thermal softening effects on the material flow stress. The equivalent stress (r y ) in the flow stress model is expressed as, ; where T, T r and T m are the temperature, room temperature and melting temperature, respectively. There are five material constants to be determined in the J-C flow stress model: A, B, n, C, and m. The first bracket in Eq. (1) gives the stress as a function of plastic strain at the reference strain rate and room temperature. The expressions in the second and third brackets represent the effect of strain rate and thermal softening, respectively.
The J-C damage model includes the effects of stress triaxiality, temperature and strain rate on the failure strain [26] . The J-C damage model is a cumulative damage-fracture model which takes into account the loading history. The model assumes that the damage accumulates in the material during plastic straining and the frac- ture occurs immediately when the damage reaches a critical value. The damage is defined by a cumulative damage law as:
where De is the increment of the plastic strain during an integration cycle and e f is the equivalent fracture strain under the current conditions of stress, strain rate and temperature. The damage variable D takes a value between 0 and 1; where D = 0 represents undamaged material and D = 1 represents failed element. The J-C damage model is expressed as,
where r ⁄ is the stress triaxiality and for a notched round sample it is given as [26] ,
where, r h is the hydrostatic stress, r eq is the effective or equivalent stress and a and R are sequentially the radius of the smallest cross section and the radius of curvature at the neck. There are five material constants to be determined in the J-C damage model: The J-C material and damage model parameters of Secure 500 and 7.62 armor piercing bullet core were previously determined [27] . The details of the experimentations, the quasi-static and dynamic testing methods and J-C flow stress and failure model determination can be found in Ref. [28] . Fig. 3 shows the quasi-static stress strain curve of Secure 500. The J-C material model parameters of the hardened steel core of the bullet core (830-880 HV) were determined by tensile testing of non-standard miniature (2 mm in diameter and 10 mm in gage length) dog-bone shape test specimens [27] . The failure parameters of the core could not be determined as it was very difficult to machine the hardened steel core to prepare notched specimens to induce different stress triaxialities.
The material model parameters of the target, bullet and jacket used in the simulations are tabulated in Table 2 . The J-C material models of Armox 500T and Secure 500 armor steels are valuable references which have same hardness values to compare with own data. Using the parameters found in literature, the stressstrain curves at 1250 s À1 strain rate are visualized in Fig. 4a . Similar comparison is also performed for hardened steel core. Due to the difficulties experienced during specimen preparation a comparative study with the literature based material models would increase confidence level before simulation. The stress-strain curves of Armox 500T alloy derived from the J-C flow stress model parameters reported in Refs. [29, 30] and the stress-strain curves of Secure 500 alloy derived from the J-C flow stress model parameters reported in Ref. [31] are shown for comparison. The J-C model stress-strain curve of the bullet core is shown in Fig. 4b at the strain rate of 1250 s
À1
. For comparison, the stress-strain curves of the core derived from published works in Refs. [16, 20, 32] are also drawn in the same figure. The core model stress-strain curve shows close agreement with the J-C model in Ref. [16] .
The Mie-Gruneisen equation of state (EOS) was used in the simulations. The Mie-Gruneisen EOS is given as [33] ,
where E 0 is the internal energy per unit volume, c is the intercept of the shock and particle velocity curve, S 1 , S 2 and S 3 are the coefficients of the slope of the shock and particle velocity curve and c Fig. 3 . The experimental quasi-static tensile stress-strain curves of the target plate.
Table 2
The material and J-C model parameters of the target, bullet core and jacket. is the Gruneisen coefficient. The parameter a is the volume correction factor and l is the compression factor. The Mie Gruneisen EOS parameters of the target, bullet and jacket used in the simulations are tabulated in Table 3 .
Numerical models
In numerical model, the material is discretised into finite sections over which, the conservation and constitutive equations are solved. The way in which this spatial discretisation is performed leads to different numerical methods. The most commonly used spatial discretizations are Lagrange, Euler, ALE (Arbitrary Lagrange Euler -a mixture of Lagrange and Euler), and meshfree methods such as SPH (Smooth Particles Hydrodynamics). Kilic and Ekici [27] presented a comparative study to demonstrate applicability of Lagrange and SPH techniques on determination of ballistic performance and concluded that, Lagrange method is more effective in visualizing target deformation pattern with respect to SPH. In the Lagrange method the numerical grid moves and deforms with the material, which is ideal for following the material motion and deformation in regions of relatively low distortion, and possibly large displacement. This formulation is widely used because its advantages, such as being able to track accurately and efficiently material interfaces and incorporate complex material models. Conservation of mass is automatically satisfied and material boundaries are clearly defined. The disadvantage of Lagrange is that the numerical grid can become severely distorted or tangled in an extremely deformed region, which can lead to adverse effects on the integration time step and accuracy. Very well known negative volume error occurs as a result of this mesh tangling. However, these problems can be overcome to a certain extent by applying numerical techniques such as adaptive meshing, erosion and rezoning [20] .
In this study, the mesh model is prepared using the commercial code Hypermesh and numerical simulations were performed using LS-Dyna. The geometric model of monolithic plates was composed of 300 mm diameter circular armor steel plate and bullet as shown in Fig. 5a . A small radius was introduced to the tip of the hardened steel core to allow the smooth mesh transition. The plate was meshed with hexagonal eight node solid elements in three different zones; bullet contact, middle and outer zones (Fig. 5a) . The mesh size increases in radial direction from the bullet contact zone to outer zone and varies between 0.2 and 1 mm in size. The mesh transition between the regions prevented the stress wave reflections at the boundaries. The bullet core, jacket, front and rear filler and sabot were meshed with 0.2 mm hexagonal elements. The lead-antimony caps are modeled with material card ISOTROPIC-ELASTIC-FAILURE. ERODING_NODES_TO_SURFACE and EROD-ING_SINGLE_SURFACE contact algorithms were used to simulate the contact between surfaces during penetration. Erosion option, dynamic and static friction and bucket sort frequency were chosen to achieve penetration depths close to found in the ballistic experiments. Time step scale factor was used to establish numerical stability. To eliminate zero energy deformation, hourglass parameters were used to control the simulation. As similar with monolithic plate, the perforated plate was meshed with varying sizes (0.25-1 mm) in three regions as shown in Fig. 5b . The base plate was modeled with mesh sizes of 0.5 mm in the contact, 0.7 mm in the middle and 1.5 mm in the outer zone. The bullet was modeled with the same model parameters used in the monolithic plate model.
Results and discussion
The pictures of the front face and the cross-section of 20 mm thickness monolithic plate after the ballistic test are shown in Fig. 6a and b, respectively. As seen in Fig. 6b , the bullet partially penetrated the plate and was captured. The depth of the bullet penetration in tests was varied between 12.5 and 13.6 mm and the average depth of penetration after four shots was calculated as 12.9 mm. The bullet velocity vs. time graph of 20 mm thick monolithic plate is shown in Fig. 7 together with the simulation pictures of the bullet and plate at various times. As shown in Fig. 7 , the bullet initial velocity, 854 m s
À1
, gradually declines as it penetrates the target and come to rest after about 0.035 ms. The jacket indents the target at t = 0.006 ms; thereafter, lead-antimony insert starts to erode. The damage on the plate develops in the contact zone and when the damage reaches a critical value in an element, the element erodes with no remaining strength. The penetration depth found numerically is nearly the same when compared with experimental results (penetration depth found in simulation is 12.9 mm). Although the ductile cavity formation behavior is successively simulated in the numerical model as shown in Fig. 7 , the crater diameter deviates by 20% from the experimental crater diameter (experimental results varies between 13.1 and 15.5 mm and numerical value is 9.9 mm). It is also noted that the front face spall formation observed in the experiments are not observed in the simulations. The bulge formation is well captured by the numerical model. The bullet fractured into two pieces, which was mainly driven by the shear forces developed on the bullet.
The pictures of the front and rear surface of 9 mm thickness target after the ballistic test are shown in Fig. 6c . The spall formation at the front face after the first and second tests can be clearly seen in Fig. 6c . Both, petal and spall formation are seen at the rear faces (Fig. 6d) . As similar with 20 mm thick plate, the tip of hardened steel core in 9 mm thick plate did not deformed and the steel core was fractured into two or more pieces after the test. The bullet velocity vs. time graph of 9 mm thickness monolithic plate is shown in Fig. 8 . The numerical residual velocity of the bullet (455 m s
) is slightly lower than that of the experiments (487 m s
). From the simulations, the numerical model seems to capture the perforation behavior during the penetration and promising results are obtained to use model parameters in perforated plate simulations.
The ballistic limit thickness of Secure 500 armor steel against 7.62 Â 54 API ammunition was previously determined as 15 mm [27] . In order to show mass effectiveness, total thickness of the layered target assembly was kept the same, 15 mm (6 mm thickness perforated plate and 9 mm thickness base plate). The mass areal density of the armor plate was decreased from 117 to 86 kg m
À2
. The most common deformation patterns formed in the perforated plate after the test are shown in Fig. 9a . The damage area spreads over three or more numbers of holes, typically three, as shown in the same figure. Macroscopically, the fracture seems brittle, while ductile bulge formation occurs at the back side of the perforated plate. After the four shots, the penetration depth on the base armor measured is 1.8 mm. There is no evidence of sharp intrusion in the base plate as shown in Fig. 9b and c. As the nose of bullet core was significantly eroded or the bullet core fractured into many pieces (Fig. 10) , it did not cause sharp dents on the base plate. The inclination of the core and erosion at the tip of the nose can be seen in Fig. 10 . At top right of Fig. 10 , the picture of the original form of bullet core is shown to visualize how much erosion occurred after the core perforated the perforated plate. The inclination of the hardened steel core is about $15°. The time frame of the bullet hitting the base armor plate could not be recorded due to the formation of a high flash in front of the core. It is not directly seen from the figure that the structural integrity of steel core retained during passing through perforated plate; at least front half of the projectile continued its travel toward the base plate. The projectile fracture into two pieces after the impact on the monolithic perforated plates was also shown previously [7, 8, 12] . In all shots, the damage locations of the perforated and base plate did not coincide, indicating that yaw induction of the incoming bullet was achieved. The maximum inclination of the bullet was calculated 25°. The effect of obliquity of high hardness armor on shattering behavior of AP projectiles was previously investigated and shown both numerically and experimentally that the projectile broke into two pieces for the obliquities 20°and 30°a nd total shattering to the projectile occurred for obliquities higher than 45° [34] . Therefore, the calculated obliquity itself is not expected to result in shattering of the bullet and tip erosion may be considered as the secondary mechanism to explain total shattering evidences found on the base plate as shown in Fig. 9b and c. The dents formed on the base plate were previously taken as the indication of the bullet core fracture [7] . The three dents on the base plate seen in Fig. 9b and the shallow dents on base plate in Fig. 9c tend to conclude the shattering of the bullet. Two main defeating mechanisms were previously reported for the perforated plates [2, 9] ; the bullet inclination and the breakage of bullet due to bending effects.
Four different cases are investigated in the simulations of the ballistic testing of the perforated plate of the layered armor; the bullet hits (a) at the center of a hole (b) the side of a hole (c) at the middle of two holes and (d) at the geometric center of three holes. The simulations results for these four cases are sequentially shown in Fig. 11a-d at various times. In the first case shown in Fig. 11a , the bullet brass jacket is separated from bullet at about t = 0.04 ms without changing the incident angle (t = 0.07 and 0.1 ms). The bullet perforates the base armor and is captured while passing through the plate (t = 0.10 ms). This situation is considered as the failure since tip of the bullet has already passed the base armor. In the second case shown in Fig. 11b , the bullet hits the perforated plate at the side of a hole (t = 0.04 ms) and the projectile angle is significantly disturbed and deviates from its incident angle (t = 0.06 ms). The bullet steel core penetrates into the base armor at an elevated position (t = 0.08 ms). Penetration depth on the base armor is around 6 mm, indicating that the perforated plate assembly was captured the bullet successively. The defeating mechanism in this case is the changing incoming projectile angle as previously reported in Refs. [2, 9] . In the third case shown in Fig. 11c , the bullet hits the perforated plate at the middle of two holes (t = 0.04 ms) and the bullet incident trajectory does not chance (t = 0.06 ms). Since the symmetry and the distance between the holes are greater than the bullet diameter, no side force acts on the bullet to deviate from its incident trajectory. The base armor is perforated but captures the bullet before it completely passes through the plate (t = 0.12 ms). This situation is also a rare case, since the bullet hitting at the geometric center of two holes has a low probability. However, decreasing the distance between the holes will significantly reduce the probability of the occurrence of the third case. In the fourth case shown in Fig. 11d , the bullet hitting at the center of three holes, similar penetration behavior occurs with the third case. This is also an idealized case with low probability.
Although, the bending effect of the perforated plate on the bullet and the disturbance on the projectile trajectory are successfully modeled, the simulation penetration depths of the base armor (min 6 mm for the second case) are significantly higher than that of the ballistic test (1.8 mm). This shows that the deviating the projectile trajectory cannot be the only reason for the bullet defeat mechanism in the perforated plate. It was previously shown in the testing of the perforated plates that the bullet fracture initiated in the region between one third and two thirds of the length when bullet hit edge of a plate [9] . The von-Misses stress distributions of the steel core are shown at various times in Fig. 12 for the second case. As depicted in Fig. 12 , the location of the maximum shear stress is close to the middle of the core, agreed with Ref. [9] . During penetration the bending stress as seen in Fig. 12 reaches a value of 2500 MPa, which can be taken as a threshold to initiate failure. Further modeling was implemented for the second case by applying a superficial failure criterion to the bullet to delete the elements when the tensile stress reached 2500 MPa. In this model, the jacket, sabot and fillers were excluded during post processing to identify merely the stress on the core. A similar approach was previously used to simulate the bullet shattering on the high hardness targets [34, 35] . The simulation results are shown in Fig. 13 as function of time. As shown in Fig. 13 , at the very beginning of the intrusion inside the perforated plate, around 0.015 ms, the equivalent von-Misses stress rises up to 1750 MPa, and reaches a critical value of 2500 MPa around 0.02 ms. The bullet core fractures at its middle point during the passage of perforated plate (t = 0.02 ms) and half of it penetrates into base armor (t = 0.10 ms). With the core fracture, the penetration depth on the base armor decreases; but still the numerical penetration depth is 3.5 mm higher than that of experiments. This tends to conclude that yaw formation combined with the breakage of the projectile into two pieces is not sufficient to simulate the deformation depth of the base target. In the monolithic plate, the main defeating mechanism to stop armor piercing projectile is the strain energy exerted to projectile by the armor. The deformation of the bullet tip has relatively less effect on the penetration depth. In order to determine whether bullet erosion can affect the penetration depth of the base armor plate, additional erosion criterion was introduced into model. In the tensile tests of the armor plate, the true strain reached a value of 16% at 600 s À1 and up to 20% in the quasi-static tests [27] . Therefore, the erosion strain thresholds of 0.2, 0.3 and 0.4 were applied to the bullet nose. The simulation results are shown in Fig. 14 as function of time and erosion strain threshold. The perforated plate induces a bending force on the bullet and changes the incident angle of the bullet (t = 0.04 ms). Meanwhile, the tip of the projectile erodes, the erosion being highest when the erosion strain threshold is 0.2. The erosion significantly reduces the penetration capability of the bullet as seen in Fig. 14 . The numerical penetration depth is measured 1.4 mm when the erosion strain threshold is 0.4, which is comparable with the experimental penetration depth, 1.8 mm. The simulation and experimental front face damages on the perforated plate are shown in Fig. 15(a-d ) using core failure model and erosion strain threshold of 0.4. The simulation and experimental damage patterns are seen to be very similar on the perforated plate. Edge effects are clearly seen both in the simulations and experiments. 
Conclusions
The bullet defeating mechanisms of a high hardness steel layered armor (composed of monolithic base armor and perforated add-on armor) was investigated both experimentally and numerically. The numerical models were developed using Lagrange discretization in Ls-Dyna with various cases including without and with bullet failure model. The fidelity of the model material parameters were verified through ballistic testing and modeling of the monolithic plates in two different thicknesses. The defeating mechanisms of the bullet in testing layered armor were proved through experiments and simulations to include (a) asymmetric forces causing the projectile to deviate from incident trajectory, (b) the bullet core fracture and (c) the bullet core nose erosion. With these mechanisms, well agreements were shown between the simulation and experimental penetration depths of the base armor and the deformation patterns of the perforated plate after the ballistic tests. The results also implied that high hardness multilayer perforated plates could be used effectively in ballistic protection and had a potential of decreasing areal mass efficiency significantly.
